led to the hypothesis that calcium release from internal stores is required for activation of the phototransduction cascade and that the TRP channel functions as a storeoperated channel gated by the light-induced emptying of the internal stores (Hardie and Minke, 1995; Minke and Selinger, 1996) .
Given the critical role of calcium in this pathway, many studies have sought to determine if CAM functions in this signaling cascade, and several potential targets of CAM have been identified. The TRP and TRPL lightactivated ion channels bind CAM in vitro: TRP contains a single calmodulin binding site in its carboxyl terminus (Phillips et al., 1992; Chevesich et al., 1997) and TRPL contains two sites (Phillips et al., 1992; Warr and Kelly, 1996) . The eye-specific NINAC kinase binds CAM in vitro (Porter et al., 1995) , and ninaC mutants show CAM mislocalization and light responses with deactivation defects (Porter et al., 1993; Hofstee et al., 1996) . The visual arrestins may also be regulated by CAM. Arrestins are crucial components in the deactivation cycle of G protein-coupled receptors, and the Drosophila visual ar- (Hardie and Minke, 1992; Niemeyer et al., 1996) . tion of receptor function and ion channels orchestrates the termination of the light response. (Putney and Bird, 1993; Berridge, 1995; Clapham, 1995) . This process is essential to maintain proper calcium Results and Discussion homeostasis in a wide range of excitable and nonexcitable cells yet its molecular components are not under-CAM Regulates the TRPL Ion Channel stood. Based primarily on the transient light response Drosophila mutants lacking the TRP ion channel display of the trp mutant, Drosophila phototransduction is cona transient response to light during prolonged and sidered a model system for the genetic dissection of strong stimulation (thus, the name transient receptor store-operated calcium influx (Hardie and Minke, 1995; potential) (Cosens and Manning, 1969) (Figure 1A ). Be- Minke and Selinger, 1996) . We thus sought to assess cause trp mutant photoreceptors cannot sustain a whether the transient response phenotype of the trp steady-state current, it has been proposed that an excitmutant is indeed the result of depletion of intracellular atory factor becomes depleted in these cells (Hardie calcium stores. and Minke, 1992, 1995) . Since the TRP ion channel is
We performed whole-cell, voltage-clamp recordings the major calcium-permeable channel in photoreceptors of light-induced currents in wild-type and trp mutant (Hardie and Minke, 1992) and because intracellular calphotoreceptors. We reasoned that if the transient light cium is required for photoreceptor cell responsiveness response of the trp mutant resulted from loss of internal , it has been proposed that loss of calcium, then introduction of calcium intracellularly in trp calcium entry through TRP leads to the depletion of photoreceptors may restore responsiveness. However, intracellular calcium stores required for photoexcitation trp mutants in the presence of high intracellular calcium (Hardie and Minke, 1995; Minke and Selinger, 1996) Figure 2D ). (We previously reported that trpl; trp 301 double mutants show a small light-activated conductance [Niemeyer et al., 1996] . This residual current is completely eliminated by replacing the trp 301 allele with the stronger trp P343 allele). In trp mutants, the light-induced current is carried only by TRPL (Niemeyer et al., 1996; Hardie et al., 1997) . Therefore, the transient response of trp reflects TRPL channel function. TRPL contains two calmodulin binding sites in its carboxyl terminus (Warr and Kelly, 1996) , suggesting that it is (Warr and Kelly, 1996 with antibodies to TRPL (Niemeyer et al., 1996) . We also used anti-( Figure 2A ). CBS1 is a typical CAM binding site, disbodies to an eye-specific PKC (Smith et al., 1991) CBS2 is a novel site with calcium-independent CAM fly heads. Protein extracts were prepared by sonication in 20 l of binding properties (Warr and Kelly, 1996) . Each con-assayed in the trpl; trp P343 double mutant background. Figure 1A responses have a significant shift in their calcium depenIn contrast, trp photoreceptors in zero extracellular caldence ( Figure 2C ). Taken together, our results are inconsistent with the cium sustain robust light-induced currents (Figure 1 ).
view that the trp transient phenotype results from the loss of a capacitative calcium entry channel, leading to depletion of intracellular calcium stores. Instead, these results can be explained by assuming that calcium/calmodulin binding to TRPL leads to the calcium/calmodulin-dependent inactivation of the TRPL channel and the transient light response of trp mutants.
A Viable Mutant in CAM
Because deletion of the CAM binding sites of TRPL affects response termination in trp mutants, one would predict that a Cam; trp double mutant should not display transient light responses. To determine how CAM participates in phototransduction, to confirm that CAM regulates the TRPL ion channel, and to define other molecular targets of CAM in the visual cascade, we set out to characterize Drosophila Cam mutants. In Drosophila, there is a single Cam gene (Yamanaka et al., 1987; Doyle et al., 1990) and null mutations are larval lethal (Heiman et al., 1996) . To examine phototransduction in the absence of CAM, we generated Cam null photoreceptors by using the FLP-FRT system to induce mitotic recombination in Cam null heterozygotes (Xu and Rubin, 1993) . However, photoreceptor cells lacking CAM displayed severe developmental and morphological defects, precluding their physiological characterization (data not (Heiman et al., 1996) . (Heiman et al., 1996) (hereafter referred to as cam).
were stimulated with 10 ms flashes of increasing light intensity (580 Figure 3A shows a Western blot demonstrating the renm). Numbers refer to the log order of light intensity associated with duced expression of CAM in the cam hypomorph; these that light response (e.g., Ϫ4 is 10 times less light than Ϫ3 Figure 3B shows sample traces of light and Table 1 ). Expectedly, the degree of rescue correresponses in a wild-type cell and in a cam mutant cell lates with the number of heat shocks given and the at different light intensities. The cam light responses amount of CAM expressed (data not shown). These rehave dramatic defects in deactivation kinetics, dissults demonstrate that reduced levels of CAM are limplaying greatly prolonged deactivation times ( Figure 3B iting for rapid termination of this cascade. and Table 1 Figures 4C and 4D) .
Indeed, Figure 2E shows that cam mutants lacking TRP Remarkably, cam mutant responses have lost much of ion channels do not have transient light responses. This this calcium dependency and display similar deactivaconfirms and extends our demonstration that calmodution kinetics in 0.4, 1.5, and 10 mM external calcium lin-dependent inactivation of TRPL can account for the ( Figures 4C and 4D (Yeandle, 1957; Baylor et al., 1979) . A quantum bump results from the activation of a single rhodopsin molecule and reflects the amplification of the entire signaling pathway, culminating in the opening of the light-activated ion the frequency of quantum bumps should be affected in in calcium. Second, because cam mutant responses are trains of discrete quantum bumps rather than a continued response, a refractory period or a transient inactivation is still present in cam. This demonstrates that there are CAM-independent mechanisms of deactivation. It also shows that a signaling component(s) is inappropriately recycling between the active and the inactive state in the absence of CAM. Finally, because the shape of the individual bumps in cam is not notably different than wild type, the primary site of CAM action at the level of single photon responses must be upstream of quantum bump shape determinants and therefore upstream of the light-activated ion channels. the deactivation of a component downstream of the G protein, then a reduction in the levels of G protein should not affect the production of multiple quantum bumps in the cam mutant. On the other hand, if CAM serves to a cam, G␣q 1 double mutant, only the latency to the deactivate distal components of signaling (i.e., the lightfirst bump. Figure 6A shows sample traces of quantum activated ion channels), then the size and shape of quanbumps in a cam, G␣q 1 double mutant, demonstrating tum bumps should be altered.
CAM-Dependent Deactivation of Rhodopsin
that quantal trains of bumps are no longer produced. For generation of quantum bumps, photoreceptors Thus, the continuous activity of the cam mutant requires were stimulated with 10 ms flashes of low intensity light continual signaling through the G protein, indicating that such that only a fraction of the flashes elicited responses the component that is inappropriately activated in the (Baylor et al., 1979) . Both wild-type and cam mutant absence of CAM is upstream of the G protein (i.e., rhocells show similar sensitivity to light (data not shown). dopsin). Remarkably, cam photoreceptors display a dramatic inIn Drosophila photoreceptors, the catalytic lifetime of crease in the number of quantum bumps generated from activated rhodopsin is determined by arrestin binding a single flash of light ( Figure 5A ). In wild-type cells, (Ranganathan and Stevens, 1995) . Visual arrestins reguactivation of one rhodopsin produces a quantum bump.
late rhodopsin function by binding to the receptor and In cam mutant cells, activation of one rhodopsin prouncoupling it from the downstream G protein. A logical duces many quantum bumps, resulting in a quantal train way for CAM to regulate rhodopsin function would be of bumps. Despite the difference in the number of quanto modulate its interaction with arrestin. In fact, the Drotum bumps generated from a single photon of light, the sophila photoreceptor-specific Arr1 and Arr2 proteins amplitudes and kinetics of individual quantum bumps are phosphorylated in a light-and CAM-dependent manin wild-type and cam cells are similar to each other ner (Byk et al., 1993; Matsumoto et al., 1994) . Since Arr2 (Figures 5B and 5C ). These results demonstrate several is the most abundant visual arrestin, we assayed its important aspects of calmodulin function in phototransphosphorylation state in cam mutants. Figure 6C demduction. First, because quantum bumps are continuonstrates that Arr2 is no longer phosphorylated in the ously produced in the cam mutant, CAM must be recam background. To further validate the notion that quired to turn off a signaling component(s) that is the lack of arrestin regulation could be responsible activated in response to one photon of light. Thus, feedfor the multiple bumps in cam photoreceptors, we examback regulation of phototransduction must operate even ined quantum bumps in arrestin mutants. Since these at the lowest levels of light detection, and calmodulin cells have a complete loss of arrestin function, we expected that an arrestin mutant would represent a more must be exquisitely sensitive to small localized changes also mapped the sites of action of CAM to specific transduction proteins.
We demonstrated that CAM modulates the function of TRPL light-activated channels in vivo. Because the light-activated conductance is composed of TRP and TRPL channels and because TRPL represents only a small fraction of the total current (Niemeyer et al., 1996) , trpl transgenes lacking CAM binding sites have no phenotype in a wild-type background. However, the TRPL channel mutants should reveal their phenotype in a trpl; trp double mutant background. Indeed, we showed that calcium/calmodulin regulates deactivation of the TRPL ion channel and that this can account for the transient light response of the trp mutant. During the past several years, the TRP channel has become a favorite model for the study of capacitative calcium entry. This was largely based on the observations that phototransduction in Drosophila requires intracellular calcium , that TRP is a calcium-permeable ion chan- hypothesized to function as store-operated channels rhodopsin (Rh1) are the major phosphoproteins in the retina. Note (Petersen et al., 1995; Wes et al., 1995; Zhu et al., 1996;  that Arr2 is phosphorylated in a calcium-dependent manner in wild- Zitt et al., 1996) . Our results do not support an internal We also showed that CAM is required for rhodopsin lacking Arr2 display many quantum bumps in the absence of light deactivation. Having activity-dependent feedback regustimulation and an enhanced number upon light stimulation.
lation at the first step of this signaling cascade, prior to any amplification, makes functional sense. On the one hand, the requirement for calcium entry and CAM activaextreme phenotype than the cam mutant. Indeed, Figure  tion ensures that deactivation mechanisms are only trig-6D shows that arr2 3 photoreceptors display continuous gered after successful excitation (i.e., opening of the bump activity even in the absence of light stimulation light-activated channels). On the other hand, modulation and that macroscopic currents show continued lightat the first step of the cascade (i.e., receptor level) miniinduced bumps even after termination of the stimulus. mizes the number of signaling molecules that need be This inappropriate transduction activity is the result of regulated for immediate feedback control of the light loss-of-arrestin function, since it is absent in control response. Interestingly, Lagnado and Baylor, (1994) , flies, and represents continued rhodopsin activity since used a novel truncated rod preparation to show that the it is suppressed in mutants lacking rhodopsin (Dolph et active lifetime of vertebrate rhodopsin could be regual., 1993; data not shown). Taken together, these results lated in real time by calcium. Our studies also show that validate rhodopsin as a critical target of feedback reguthe calcium-dependent feedback of Drosophila rhodoplation and indicate that defects in rhodopsin shutoff sin operates even at the lowest light levels (i.e., quantum underlie the bump phenotype of cam mutants. bumps), demonstrating that the phototransduction signaling cascade is exquisitely sensitive to small localized Concluding Remarks changes in calcium. In this manuscript, we describe the characterization of A number of studies have previously suggested that a novel Cam mutant in a complex multicellular organism CAM may be involved in the gating of the light-activated and its role in a well-defined signaling cascade. We use channels (Warr and Kelly, 1996) or the excitatory phase a viable hypomorphic allele expressing ‫%01ف‬ of normal of the phototransduction cascade (Arnon et al., 1997 
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